Background: Catheter-related blood-stream infections (CRBSIs) are the most common complication when using central venous catheters (CVCs). Whether coating CVCs under bundles could further reduce the incidence of CRBSIs is unclear. We aimed to assess the effectiveness of implementing the use of bundles with antimicrobial-coated CVCs for preventing catheter-related blood-stream infections.
Background
Central venous catheters (CVCs) are an important component of the rescue and treatment of critically ill patients. CVCs have historically been extensively used in hemodynamic monitoring, tumor therapy, blood liquid purification, infusion and parenteral nutrition support. However, CVC use can cause a variety of complications. The most common complication is catheter-related blood-stream infections (CRBSIs) [1] . The International Nosocomial Infection Control Consortium (INICC) studied medical-surgical ICUs and found that the pooled rate of CRBSIs in China was 4.1/1000 central line-days, which was approximately 5 times higher than the rate of 0.8/1000 central line-days found in comparable US ICUs [2] . However, in 2631 cases across 7 ICUs, the estimated CRBSI rate was 7.66/1000 in August 2008 and July 2010 in four Chinese hospitals [3] . The cost per infection has been estimated to range from $34,508 to $56,000, and the annual cost of caring for patients with CRBSIs is $296 million to $2.3 billion in Spain [4] . Moreover, CRBSIs can increase the length of hospitalization and the amount of resources used and affect mortality.
In recent years, many approaches have been developed to reduce CRBSIs. The most promising approach is the use of central line bundles, which are recommended by the Institute for Healthcare Improvement as a means to improve patient care. Bundles include five components of care: hand hygiene, maximal barrier precautions, chlorhexidine skin antisepsis, optimal catheter site selection, and daily review of central line necessity. According to recent data, the implementation of central line bundles may reduce the rate of CRBSIs [5] . However, whether there are other ways to reduce CRBSIs has attracted the attention of scholars. Alternative methods include coating or impregnating catheters with anti-infective agents, including antibiotics, antiseptics, and antimetabolites. Moreover, CVCs that have been coated internally and/ or externally with silver have also been shown to cause a lower incidence of catheter colonization and CRBSIs [6] . However, other authors have found the opposite results. It therefore remains controversial whether the incidence of CRBSIs is lower for coated catheters than for conventional standard catheters [7, 8] . The literature regarding various types of antimicrobial catheters and their effectiveness in preventing vascular-related blood-stream infections, especially with the implementation of bundles, remains sparse. Traditional meta-analyses can only compare two options that have been directly compared in head-to-head trials, and there is currently no consensus recommendation regarding which antimicrobial-coated CVC/bundle combination is best. Network meta-analyses (also called multiple or mixed treatment comparison meta-analyses, or MTCs) permit the evaluation of the comparative effectiveness of multiple interventions even when some pairs have not been directly compared and can potentially reduce uncertainty in treatment effect estimates [9, 10] . Given this background, our main aim was to evaluate the effectiveness of different types of antimicrobial-coated catheters in comparison with standard catheters as measured by the rate of CRBSIs per 1000 catheter-days among patients who received CVC and bundles. The incidence of catheter colonization was also studied as a secondary outcome. We hypothesized that antimicrobial-coated CVCs are more effective than standard catheters in preventing CRBSIs and catheter colonization in patients who received CVC and bundles.
Methods

Search strategy and selection criteria
We conducted a systematic review and network metaanalysis according to the Preferred Reporting Items for Systematic review and Meta-Analysis Protocol (PRISMA-P) [11] . This study was registered with the PROSPERO international prospective register of systematic reviews (number CRD42017055774).
RCTs were identified via electronic and manual searches. We searched the Cochrane Central Register of Controlled Trials (CENTRAL) in the Cochrane Library in addition to the CINAHL, EMBASE, MEDLINE, and Web of Science databases using a combination of Medical Subject Headings (MeSH) and text words (Additional file 1) for double-blind RCTs. We placed no restrictions on language or year of publication. The final search update was performed in July 2017. We also reviewed the reference lists of the identified meta-analyses. We manually searched the Index Medicus for RCTs, systematic reviews, and meta-analyses for supplemental literature that the initial electronic search missed. The literature screen was conducted by two separate groups. Any discrepancy was resolved by consensus. Literature search results were imported into EndNote X7 (Thomson Reuters, New York, USA) literature management software to exclude duplicate publications.
We included the following antimicrobial interventions regardless of their concentration: chlorhexidine/silver sulfadiazine, Oligon Vantex silver or silver, and other antibiotics, such as 5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/rifampin. Trials involving patients who had received antimicrobial CVCs or standard non-impregnated polyurethane CVCs as well as implementation of a central line bundle containing at least one kind of the above antimicrobial interventions were included; however, RCTs that recruited participants without a control group or used quasi-random allocation were excluded.
Data analysis
Two groups (YPL, CSS, LYJ, WGY, LM, and WY) independently extracted the data from each study. We used a self-designed standard template that included basic study information, such as title, author name, publication year, experimental time, country, characteristics of participants (e.g., total number of participants, age and gender), catheter characteristics (e.g., catheter position and type of catheter), intervention details (e.g., type and concentration of antimicrobials, days of catheter use), the specific process used in the trial, primary result variables (e.g., number of infections), and any additional preventive treatments that may have influenced outcomes (e.g., outcome measures and application of bundles). Any discrepancies were resolved by consensus by a review team (WCS, YPL, LYH, CSS, LYJ, GH, and WHL). The primary outcome of this study was the rate of CRBSIs per 1000 catheter-days. The implementation of a central line bundle containing at least one of the specified elements. If a study separately reported definite and probable CRBSIs, we did not include probable CRBSIs in blood-stream infections without laboratory confirmation. Our secondary outcome was catheter colonization, which was defined as the growth of more than 15 colony-forming units (CFUs) on the tip or subcutaneous segment of the catheter or positive semiquantitative results without clinical signs of sepsis.
Statistical analysis
First, we performed a meta-analysis using the meta-R package (version 3.0.2) to compare antimicrobialimpregnated catheters with unimpregnated catheters. The meta-analysis was performed according to the PRISMA guidelines. Dichotomous data were analyzed using risk ratios (RRs) computed using the Mantel-Haenszel method (fixed or random models). Statistical significance was set at p < 0.05 for hypothesis testing. The Cochrane Q and I-square (I 2 ) tests were used to evaluate the impact of study heterogeneity on the results of the meta-analysis. Statistical significance was set at 0.10 for Cochrane Q tests. Pooled results were constructed using either the fixed effect model in the absence of significant heterogeneity or the random effect model in the presence of significant heterogeneity [12] . We used the random effects model because it considers variation among studies and incorporates heterogeneity among studies in cases in which heterogeneity cannot be explained [13] . We assessed statistical heterogeneity with the I 2 statistic using the Higgins-Thompson method (low heterogeneity, 25%; moderate, 50%; and high, 75%) [14] . When heterogeneity was present or suspected, we first checked that the original data for each study and the method used to extract the data were correct. If there was no problem, subgroup analyses or meta-regressions were conducted to explore the cause of the heterogeneity. We conducted exclusion sensitivity analyses to evaluate the contribution of individual studies to the global results. Sensitivity analyses excluding trials with high risk of bias (classified in any of the three aspects: randomized sequence generation, blinding and selective reporting) and trials that did not clearly specify patients included in the study are ICU patients were also performed. A funnel plot was used to detect potential publication bias [15] . Second, direct and indirect evidence for all included studies was combined in a network meta-analysis and estimated with maximum power. Network meta-analyses were performed within a Bayesian framework using the consistency model of the GeMTC package in R (i386 3.0.2) [16] . In this analysis, we calculated odds ratios (ORs) and 95% credibility interval (CrIs) to measure the effect of different antimicrobial CVCs on the rate of CRBSIs per 1000 catheter-days and the incidence of catheter colonization. CrIs were calculated using a Bayesian statistical method. Differences were considered statistically significant when the range of the 95% confidence interval did not include 1.0.
Model selection was performed based on the Dias guidelines for evaluating linear models. Dbar indicates the posterior mean of the residual deviance, pD indicates the effective number of parameters (leverage), and DIC indicates the "deviance information criterion". Lower Dbar and DIC values indicate a better model fit. Differences between models of less than 3-5 were not considered significant. The models were run for 150,000 iterations, and convergence was assessed using the Brooks-Gelman-Rubin diagnostic. We used a technique known as "back calculation" to evaluate consistency in the findings of the network meta-analysis based on direct versus indirect evidence. During this process, three types of models were estimated: unrelated study effects, unrelated mean effects, and consistency.
The output of the summary function was plotted for visual representation. We investigated the possibility of statistical heterogeneity and inconsistency between direct and indirect effect estimates by visual inspection of the forest plots and the I 2 statistic using the Higgins-Thompson method. We also ranked the different interventions in terms of their likelihood of leading to an association with the best results for each outcome. In a Markov chain Monte Carlo cycle, each antimicrobial CVC was ranked based on the estimated effect size. The sum of these probabilities is equal to 1 for each treatment and each rank. X% indicates that the strategy achieved x% effectiveness. Thus, a larger percentage indicates a more effective intervention. However, it represents only one possibility and does not indicate certainty.
Results
We identified 14,938 studies by reviewing the titles and abstracts of the publications identified in the original search (Fig. 1) . After this initial screening, we retrieved the full texts of potentially eligible articles for detailed assessment. Thirty-three RCTs were included in the meta-analysis (Table 1) . These studies included a total of 10,464 patients randomized to receive one of four types of CVCs.
Risk of bias
We assessed the methodological quality of all eligible RCTs for each criterion as having a low, high, or unclear risk of bias using the Cochrane Collaboration's risk of bias tool. Random sequence generation was adequately described in approximately half of the included trials (Additional file 2). In the remaining trials, the method of sequence generation was not specifically described. Allocation concealment and blinding were properly performed in approximately 13 and 12 of the 33 trials, respectively. Attrition bias and reporting bias were generally well reported in the included trials. The risk of bias assessed for each trial is presented in Additional file 2.
Classic meta-analyses The rate of CRBSIs per 1000 catheter-days
A meta-analysis of twenty-three studies revealed significant differences in the rate of CRBSIs per 1000 catheter-days between antimicrobial-impregnated and standard CVCs (RR 0.70, 95% CI 0.53-0.91, p = 0.008). A fixed model was used because no heterogeneity was noted among the studies (Cochran Q = 18.81, p = 0.66, I 2 = 0.0%; Fig. 2 ).
Catheter colonization
A meta-analysis of twenty-eight studies revealed significant differences in catheter colonization between antimicrobial-impregnated and standard CVCs (RR 0.64, 95% CI 0.55-0.74, p < 0.0001). A random model was used as heterogeneity was noted among the studies (Cochran Q = 82.21, p < 0.0001, I 2 = 67.2%) (Additional file 3). A funnel plot was used to assess publication bias in these studies (Additional file 4). No evident publication bias was observed in the visual distribution of the funnel plot. A sensitivity analysis showed that the stability of the results displayed no significant changes, validating the rationality and reliability of our analysis (Additional file 12).
Network meta-analyses
The rate of CRBSIs per 1000 catheter-days A total of 25 RCTs reported information on the rate of CRBSIs per 1000 central line-days and were included in the meta-analysis (Fig. 3) . We chose a random effects model to evaluate the mean differences (MDs) in the overall effect sizes among the four types of CVCs studied (Additional file 5). All trials were two-arm randomized studies. Compared with the conventional standard catheter (single, double, or triple-lumen non-cuffed polyurethane catheters), chlorhexidine/silver sulfadiazine-and antibiotic-coated catheters (5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/ rifampicin, minocycline, and minocycline/rifampin) were associated with lower numbers of CRBSIs per 1000 catheter-days (ORs and 95% CrIs: 0.64 (0.40-0.955) and 0.53 (0.25-0.95), respectively; Fig. 4 ). In addition, the OR and 95% CrI of Oligon Vantex silver or silver catheters were 0.77 (0.46-1.27), indicating the difference was not significant. All ORs and 95% CrIs for the antimicrobial CVC types studied in this report are shown in Additional file 6.
Most comparisons showed little or no heterogeneity. The endpoint of the I 2 value for the rate of CRBSIs per 1000 catheter-days exceeded 50% (I 2 = 68.2%) in three of the comparisons of type CSC CVCs (conventional, standard catheter) versus type AC CVCs (5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/ rifampin), indicating the presence of high heterogeneity (Additional file 6).
Catheter colonization
Thirty-one of the included studies reported the incidence of catheter colonization as a secondary outcome (Additional file 7). We chose a random effects model to evaluate the MDs in the overall effect sizes among the four types of CVCs studied (Additional file 8). Using the OR as the "combined effect size, " compared with the conventional standard catheter (single, double, or triple-lumen non-cuffed polyurethane catheters), chlorhexidine/silver sulfadiazine and antibiotic catheters (5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/rifampin) were associated with lower incidences of catheter colonization (ORs and 95% CrIs: 0.44 (0.34-0.56) and 0.30 (0.20-0.46), respectively (Additional file 9). The ORs and Fig. 2 Relative risks for the rate of CRBSIs per 1000 catheter-days in the classic meta-analysis between antimicrobial-impregnated and standard non-impregnated CVCs vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/ rifampin) had the greatest potential to reduce the incidence of CRBSIs per 1000 catheter-days, and the possibility of these catheters receiving the best ranking was 70.4%. The catheter type ranked second was chlorhexidine/silver sulfadiazine, which had a probability of 57.6%. Conventional standard catheters (single, double, or triple-lumen non-cuffed polyurethane catheters) ranked last. In terms of catheter colonization, other antibiotic catheters ranked lowest, with a probability of 94.4%. Conventional standard catheters had the highest probability of causing catheter colonization.
Discussion
Our traditional meta-analysis showed that antimicrobial catheters were more effective than traditional catheters in preventing CRBSIs and catheter colonization when used in combination with bundles. A meta-analysis of twentythree studies revealed significant differences in the rate of CRBSIs per 1000 catheter-days between antimicrobial-impregnated and standard CVCs (RR 0.70, 95% CI 0.53-0.91, p = 0.008). The results of a network metaanalysis demonstrated which antimicrobial catheters are most effective in adults. This review will aid in clinical decision-making. Our findings show that chlorhexidine/ silver sulfadiazine and antibiotic catheters (5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/ rifampin) are associated with lower numbers of CRBSIs per 1000 catheter-days and a lower incidence of catheter colonization. The use of Oligon Vantex silver or silver did not provide statistically significant results. The Institute for Healthcare Improvement has presented guidelines for the placement and care of CVCs. These guidelines were developed to reduce CRBSIs and involved the implementation of five components of care called the "central line bundle" [50] . A recent study by Erwin Ista indicated that implementation of central line insertion and maintenance bundles can potentially reduce the incidence of CRBSIs. In their meta-analysis, the incidence of infections decreased significantly from a median of 6.4/1000 catheter-days to 2.5/1000 catheterdays after the implementation of bundles [51] . However, no rigorous systematic review has previously compared the relative effectiveness of different antimicrobial-coated catheters when applied in combination with bundles.
A systematic review by Veenstra reported that using CVCs coated with a combination of chlorhexidine/silver sulfadiazine appears to effectively reduce the incidence of both catheter colonization and CRBSIs in patients. It is worth noting that chlorhexidine/silver sulfadiazinecoated catheters reduced the rates of CRBSI by approximately 40% and are therefore appropriate for use in patients at high risk of developing CRBSIs. This has particularly important clinical and economic significance for ICUs, in which the mortality of CRBSI is 10-35% [52] . Similarly, our results demonstrate that compared to silver ion-impregnated CVCs, this type of antiseptic catheter reduces microbial colonization but not CRBSIs. Chlorhexidine/silver sulfadiazine-impregnated catheters represent one of the most promising approaches for preventing CRBSIs because they can inhibit microbial membrane function and DNA replication [6] . Chlorhexidine and silver sulfadiazine have a synergistic effect. They are capable of altering bacterial cytoplasmic membrane permeability, causing bacterial cytoplasmic material extravasation. In vitro studies have shown that chlorhexidine/silver sulfadiazine-coated catheters exert an inhibitory effect on Gram-positive bacteria (e.g., Staphylococcus epidermidis, S. aureus, and S. hemolyticus), Gram-negative bacteria (e.g., Pseudomonas aeruginosa, Escherichia coli, Enterococcus faecalis, and Klebsiella pneumoniae), and yeasts (e.g., Candida albicans) [53] [54] [55] . However, the release of chlorhexidine/ silver sulfadiazine from the catheter and the antimicrobial efficacy against S. aureus associated with its release is limited to 16 days from the date of commercial purchase. Hence, if CVCs are stored for long periods of time, no local antimicrobials will remain available for release when a biomaterial-associated infection occurs. Thus, further research should explore the potential for increasing the antimicrobial capacity of these catheters to longer time periods.
Silver CVCs include a number of catheter categories, such as silver platinum-carbon-impregnated, Oligon Vantex silver, and silver ion only catheters. Silver ions have a different mode of antibacterial activity and can bind to microbial DNA, thereby preventing bacterial replication, and to the sulfhydryl groups of metabolic enzymes, thereby deactivating them [56] . However, silver ion catheters were not more beneficial than the other types of catheters evaluated in this study in protecting CVCs against bacterial colonization and preventing CRBSIs in clinical settings. It is possible therefore that silver has little effect on CRBSI rates and catheter colonization. Although the results of individual studies are conflicting, a meta-analysis performed by Chen et al. [6] showed that silver-impregnated CVCs were not associated with reduced rates of bacterial colonization or CRBSIs.
Antiseptic or anti-adhesive catheter coatings, such as benzalkonium chloride, are cationic surfactants and non-oxidizing fungicides that can inhibit microbial membrane function and DNA replication. These coatings exert antimicrobial activity primarily against Gram-positive species, although at higher concentrations, they also exert effects against Gram-negative bacteria and Candida species. Minocycline/rifampincoated catheters have been shown to increase the risk of fungemia and fungal catheter colonization [57] . However, minocycline/rifampin combination therapy, which has a broad antimicrobial spectrum of activity, was more effective than other antibiotics, including vancomycin and rifampin, at preventing S. epidermidis catheter colonization.
Certain limitations of our study should be considered. First, catheter materials can influence the incidence of CRBSIs. For example, the incidence of CRBSIs is lower for polytetrafluoroethylene and polyurethane catheters than for those made of polyvinyl chloride or polyethylene [58] . Second, we did not verify that the same antimicrobial concentration was used for catheters coated on both the internal and external surfaces. Third, the result of catheter colonization was not determined using standard semiquantitative cultures. These differences might be important factors that affected the differences observed in efficacy among various antimicrobial-impregnated catheters.
Conclusions
In conclusion, our results demonstrate that antimicrobial-impregnated CVCs were more effective than standard non-impregnated CVCs in decreasing the rate of CRBSIs per 1000 catheter-days and catheter colonization with the application of bundles. Moreover, the capacities of catheters impregnated with chlorhexidine/silver sulfadiazine and other antibiotic catheters (5-fluorouracil, vancomycin, benzalkonium chloride, teicoplanin, miconazole/rifampicin, minocycline, and minocycline/rifampin) are superior to those of traditional catheters in preventing CRBSIs and catheter colonization when applied with bundles. Despite their demonstrated efficacy, we could not determine whether other antibiotic catheters are superior to chlorhexidine/ silver sulfadiazine-impregnated catheters. Compared to silver ion-impregnated CVCs, chlorhexidine/silver sulfadiazine antiseptic catheters reduce microbial colonization but do not reduce CRBSIs.
Abbreviations CRBSIs: catheter-related blood-stream infections; CVC: central venous catheter; CRI: catheter-related infection; CC: catheter colonization; RR: risk ratio; OR: odds ratio; CrI: credibility interval.
